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Chordate evolution
WntA role for Wnt/β-catenin signaling in axial patterning has been demonstrated in animals as basal as
cnidarians, while roles in axial patterning for retinoic acid (RA) probably evolved in the deuterostomes and
may be chordate-speciﬁc. In vertebrates, these two pathways interact both directly and indirectly. To
investigate the evolutionary origins of interactions between these two pathways, we manipulated Wnt/β-
catenin and RA signaling in the basal chordate amphioxus during the gastrula stage, which is the RA-sensitive
period for anterior/posterior (A/P) patterning. The results show that Wnt/β-catenin and RA signaling have
distinctly different roles in patterning the A/P axis of the amphioxus gastrula. Wnt/β-catenin speciﬁes the
identity of the ends of the embryo (high Wnt = posterior; low Wnt = anterior) but not intervening
positions. Thus, upregulation of Wnt/β-catenin signaling induces ectopic expression of posterior markers at
the anterior tip of the embryo. In contrast, RA speciﬁes position along the A/P axis, but not the identity of the
ends of the embryo—increased RA signaling strongly affects the domains of Hox expression along the A/P
axis but has little or no effect on the expression of either anterior or posterior markers. Although the two
pathways may both inﬂuence such things as speciﬁcation of neuronal identity, interactions between them in
A/P patterning appear to be minimal.© 2009 Elsevier Inc. All rights reserved.IntroductionIn embryos of chordates with indeterminate cleavage (i.e.
amphioxus and vertebrates), in which cell fates become ﬁxed rather
late in development, anterior/posterior (A/P) patterning is mediated
by several signaling pathways including Wnt/β-catenin and retinoic
acid (RA). A role for Wnt/β-catenin signaling in axial patterning is
very old, having evolved in prior to the cnidarian/bilaterian
divergence (Lee et al., 2006; Wikramanayake et al., 2003). In contrast,
roles for RA signaling in axial patterning evolved within the
deuterostomes andmay be limited to chordates (Albalat and Cañestro,
2009; Campo-Paysaa et al., 2008; Holland and Holland, 2007). Exactly
how these two pathways cooperate in A/P patterning in chordates is
not well understood since they operate simultaneously during the
gastrula and neurula stages and since the upregulation of either
pathway in vertebrates during the early gastrula stage results in
embryos with anterior truncations (Agarwal and Sato, 1993; Kuratani
et al., 1998; Yamaguchi and Shinagawa, 1989).
Both RA and Wnts are secreted signaling molecules that can exert
their effects at some distance from the tissue in which they arel rights reserved.synthesized. RA is a vitamin A derivative synthesized chieﬂy in the
embryonic somites. Signaling is mediated by heterodimers of the
retinoic acid receptor (RAR) (Albalat and Cañestro, 2009) and the
retinoid X receptor (RXR) (Escriva et al., 2002), which bind to retinoic
acid response elements in the regulatory regions of target genes
(Blomhoff and Blomhoff, 2006; Mark et al., 2006). Vertebrates have
three RARs and three RXRs, resulting in nine RAR/RXR heterodimers.
In contrast, amphioxus has only one of each, resulting in a single
heterodimer. The levels of RA signaling are modulated by the RA-
degrading enzyme CYP26 and by competitive inhibition of RAR/RXR
by TR2/4. In amphioxus embryos, levels of RA signaling, as reﬂected
by expression of RAR, are highest in the middle third of the embryo,
which includes the hindbrain, moderate in the posterior third and
lowest in the anterior third, which includes the forebrain and pharynx
(Escriva et al., 2002). The expression domains of the three vertebrate
RARs (RARα, RARβ and RARγ) are overlapping but not entirely
congruent, with the tail bud domains of RARγ persisting longer in
development than those of the other two genes (Hale et al., 2006).
Wnts are secreted proteins that effect both short-range (planar)
and long-range signaling (Caneparo et al., 2007; Bartscherer and
Boutros, 2008). Historically, Wnts are thought of as signaling through
three separate pathways—Wnt/β-catenin, Wnt/calcium and Wnt/
PCP or JNK. However, it is becoming clear that while individual Wnts
224 T. Onai et al. / Developmental Biology 332 (2009) 223–233may most often signal though one particular pathway, depending on
circumstances, they may also signal through the others (reviewed in
Kestler and Kühl (2008)). In early development of a wide range of
organisms including amphioxus and vertebrates, Wnt/β-catenin
signaling, which involves translocation of β-catenin from a cytoplas-
mic complex of proteins into the nucleus where it functions as a co-
factor for the transcription factor Tcf/Lef, is concentrated at the
blastoporal end of the embryo (Holland et al., 2005; Schohl and
Fagotto, 2002). Mammals have nineteen Wnt genes. The major ones
with roles in A/P patterning in vertebrate embryos are Wnt3 and
Wnt8, which are expressed posteriorly at the early gastrula stage
(Erter et al., 2001; Garriock et al., 2007; Liu et al., 1999). Amphioxus
has at least twelve Wnt genes, of which expression is known for eight
(Holland et al., 2000; Schubert et al., 2000a,b,c, 2001). All eight,
includingWnt3,Wnt8 andWnt1, are expressed around the blastopore
during the gastrula stage. The main difference between amphioxus
and vertebrate embryos in this regard is that in the former, Wnt1 is
expressed around the blastopore, while vertebrate Wnt1 is not
(Holland et al., 2000; Holland and Short, 2008). Wnt/β-catenin
signaling is opposed by several secreted inhibitors, including secreted
frizzled related (sFRPs) (Bovolenta et al., 2008) and dickkopf (Dkk)
proteins (Caneparo et al., 2007). In vertebrates, theseWnt suppressors
are expressed anteriorly (Bovolenta et al., 2008; Davidson et al., 2002;
Satoh et al., 2006). Although most amphioxus homologs of organizer
genes are expressed in patterns comparable to those in vertebrates,
the patterns of Wnt-antagonists are a little more complex than those
of their vertebrate counterparts. Dkk1/2/4 is initially expressed
throughout the invaginating mesendoderm, becoming restricted to aFig. 1. Tcf expression in amphioxus embryos is unaffected by upregulation of Wnt/β-catenin
embryos viewed from the left side. (A–F) Controls. Expression of Tcf in normal embryos. (A)
cells. (B) By the early neurula stage, expression is localized to posterior mesendoderm and to
blastopore is nearly closed. (C) Dorsal view of the embryo in B. (D) Mid-neurula showin
endoderm and posterior mesendoderm. (E) Dorsal view of a slightly older embryo than in D.
Arrows indicate the most posterior pair of somites. (F) By the early larval stage (28 h) express
At the mid-gastrula stage, expression is limited to the nuclei of the thickened mesendo
mesendoderm and to the anterior neural plate. Note that the blastopore has not completely
segmented into somites. (J) Mid-neurula with incompletely closed blastopore and expression
about the same stage as in J. Segmentation of the posteriormost mesoderm is delayed (arr
embryo. (M–R) Retinoic acid added during the gastrula stage has no effect on Tcf expression
Early neurula with expression limited to the anterior and posterior ends of the embryo. (O) D
mesendoderm and neural plate and to the posterior mesendoderm. (Q) Dorsal view of a sligh
of the embryo. (R) 30-h larva showing reduced pharynx characteristic of RA-treated embryo
effect on Tcf expression. (S) Mid-gastrula with expression in mesendodermal nuclei. (T) Early
neural plate. (U) Dorsal view of the embryo in T. (V) Mid-neurula with expression in the ant
slightly later embryo than in V. (X) 30 h larval showing characteristic expansion of the pharing around the blastopore during the gastrula stage. However, by the
late gastrula, it also becomes expressed anteriorly (Yu et al., 2007).
Dkk3 is expressed dorsal-anteriorly during the gastrula stage, while
sFRP2-like is expressed throughout the mesendoderm during the
gastrula stage, but becomes restricted to the anterior mesendoderm at
the late gastrula. The sFRP3/4 gene is also initially expressed
throughout the mesendoderm, but by the late gastrula, expression
becomes restricted to tissue around the blastopore (Yu et al., 2007).
Taken together, these expression patterns suggest that signaling by
Wnts secreted posteriorly is modulated in a complex pattern along the
A/P axis of the embryo.
Although Wnt/β-catenin signaling is much older than RA signal-
ing, interactions between the two pathways have been described in
vertebrates. RA signaling has been reported to repress Wnt/β-catenin
signaling during the blastula stage in Xenopus, even though RA
promotes nuclear accumulation of β-catenin (Li et al., 2008). This may
be because, at least in vitro, RAR can compete with TCF/LEF for
binding to β-catenin (Easwaran et al., 1999). In contrast, in the
zebraﬁsh, Wnt-dependent activation of posterior genes, but not
anterior ones, has been shown to depend on RA signaling, with Wnt
signals suppressing the RA-degrading enzyme CYP26 (Kudoh et al.,
2002). In addition, Wnt/β-catenin and RA both directly regulate the
posteriorly-expressed gene Cdx1, which contains binding sites for
RAR/RXR and TCF/LEF (Beland et al., 2004; Houle et al., 2003). To
investigate whether cross-talk between Wnt/β-catenin and RA
signaling during A/P patterning is speciﬁc to vertebrates or evolved
earlier we are studying the basal chordate amphioxus, which is the
most basal deuterostome with A/P patterning known to be mediatedor altered RA signaling. Anterior to the left. Dorsal views in C, E, I, K, O, Q, U, W. All other
At the mid-gastrula stage, Tcf transcripts are localized to the nuclei of mesendodermal
the anterior dorsal mesendoderm and overlying anterior neural plate. At this stage, the
g strong expression in the presumptive forebrain, weaker expression in the anterior
There is weak expression in some of the somites, which tapers posteriorly to anteriorly.
ion is limited to the forebrain. (G–L) Effects of Li+ applied at the early gastrula stage. (G)
derm. (H) By the early neurula, expression is limited to the anterior and posterior
closed. (I) Dorsal view of the embryo in H. The most posterior mesoderm has not yet
limited to the anterior and posterior ends of the embryo. (K) Dorsal view of an embryo
ows). (L) Severely affected 30-h larva with diffuse expression in the anterior tip of the
. (M) Late mid-gastrula with expression limited to nuclei of mesendodermal cells. (N)
orsal view of the embryo in N. (P) Mid-neurula with expression limited to the anterior
tly later embryo than in Q showing expression limited to the anterior and posterior ends
s with expression limited to the anterior CNS. (S–X) The RA-antagonist BMS009 has no
neurula with expression at the anterior and posterior mesendoderm and in the anterior
erior and posterior mesendoderm and in the anterior neural tube. (W) Dorsal view of a
rynx with expression limited to the forebrain.
Fig. 2. Expression of the anterior markers FoxQ2 and Hex in amphioxus embryos treated with Li+, RA and BMS009. Side views. Anterior to left. (A–L) FoxQ2 expression is strongly
suppressed by Li+, but (G–L) not affected by altered RA signaling. (A–C) In controls, FoxQ2 expression is limited to the anterior ectoderm. (D–F) Application of Li+ at the early gastrula
stage initially shifts FoxQ2 expression ventrally and reduces the intensity. By the early neurula (E), expression is eliminated. Expression of FoxQ2 is also eliminated in the early larva
(F). (A′–P′) Expression of the anterior mesendodermal marker Hex is not markedly affected by any treatment. (A′–D′) Controls. Hex expression is limited to the anterior endoderm at
the midgastrula stage (A′). By the early neurula stage, Hex expression expands throughout the anterior 7/8 of the endoderm. (C′) By the mid-neurula stage (B′), Hex expression
becomes downregulated in all but the anterior 1/8 of the endoderm. At the early larval stage (D′), the only expression of Hex is in the endostyle, homologous to the vertebrate
thyroid. (E′–H′) Li+ has no clear effect on Hex expression until the early larval stage, when expression in the endostyle is reduced, presumably because of the structure itself is
reduced. (I′–L′) RA applied at the gastrula stage has no clear effect on Hex expression although by the mid-neurula stage (K′), expression may be slightly anteriorized. At the early
larval stage (L′), the domain in the endostyle is reduced and shifted anteriorly, in keeping with the greatly reduced pharynx. (M′–P′) BMS009 has no effect on Hex expression except
for a slightly enlarged endostyle at the early larval stage (P′).
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separately at the early gastrula stage and determined expression of
a suite of markers of A/P position. Our results indicate that RA and
Wnt/β-catenin have separate roles in A/P patterning in amphioxus.
The function of Wnt/β-catenin signaling is to specify the identity of
the ends of the embryo with high levels specifying posterior and low
anterior. Wnt/β-catenin signaling does not specify positional identity
between the anterior and posterior extremities of the embryo. In
contrast, RA signaling speciﬁes positional identities along the A/P axis,
but does not specify the identity of the ends of the embryo. Cross-talk
between the RA and Wnt/β-catenin pathways in amphioxus appears
to be minimal and most likely indirect. More extensive interactions
between the two pathways evidently evolved in the vertebrate
lineage.
Materials and methods
Adults of amphioxus (Branchiostoma ﬂoridae) were collected in Old
Tampa Bay, Florida, USA during the summer and electrically
stimulated to induce spawning (Holland and Yu, 2004). Embryos
were raised at 28 to 30 °C. For upregulating Wnt/β-catenin signaling,
embryos were exposed for 30 min at the onset of gastrulation (i.e. as
the vegetal half of the blastula begins to ﬂatten) to artiﬁcial sea water
with LiCl substituted for NaCl. Li-seawater at 33 ppm (384 mM LiCl,
10 mM KCl, 10 mM CaCl2, 2.4 mM NaHCO3, 29 mM MgS04, 27 mM
MgCl2) was diluted with distilled water to match the tonicity of the
seawater in which the animals were living, which ranged from 22 to
33 ppm depending on the location within Old Tampa Bay and the
rainfall. For manipulating RA signaling, RA or the RA-antagonist
BMS009 in DMSO at 1×10−3 M was added to late blastula/early
gastrula-stage amphioxus for a ﬁnal concentration of 1×10−6M. After
hatching at the early neurula stage, embryos were transferred to
untreated seawater. Because the retinoic acid receptor (RAR) (Albalat
and Cañestro, 2009) is autoregulated, effects of treatments with RA or
BMS009 persist (Escriva et al., 2002). Embryos were ﬁxed for in situhybridization at the mid-gastrula through early larval stages as
previously described (Holland et al., 1996). Clones used as templates
for riboprobes were as follows: AmphiFoxQ2 (AY163864) (Yu et al.,
2003), AmphiHex (EU296398), AmphiCdx (AF052465) (Brooke et al.,
1998), AmphiLim1/5 (DQ399521) (Langeland et al., 2006), AmphiWnt3
(AF361013) (Schubert et al., 2006), AmphiOtx (AF043740), AmphiBra
(P80492) (Holland et al., 1995), AmphiWnt1 (AF061974) (Holland et
al., 2000), AmpiHox1 (AB028206) and AmphiHox3 (X68045).
Results
To investigate whether Wnt/β-catenin signaling and RA signaling
have similar roles in A/P patterning in amphioxus embryos, we
manipulated the two pathways during the gastrula stage and
monitored embryos for morphology and expression of key A/P
markers. To alter RA signaling, embryos were exposed during the
gastrula stage either to all-trans RA or to the RA-antagonist BMS009,
both at 1×10−6 M, while to upregulate Wnt/β-catenin signaling,
embryos were exposed for 30 min at the onset of gastrulation to the
GSK3β inhibitor, Li+ (Li+ substituted for Na+ in artiﬁcial seawater).
RA and BMS009-treatments have no apparent affect on morphology
until the early larval stage (Figs. 1M–X). However, the anterior ends
and endostyle of early larvae treated with RA are reduced and the
mouth and gill slits are absent (Fig. 1R). Correspondingly, BMS009-
treatment expands the pharynx posteriorly (Fig. 1X) and enlarges the
mouth (Schubert et al., 2005). In contrast, the effects of Li+-treatment
at the early gastrula are almost immediately evident. At the gastrula
stage, the mesendoderm is thickened (Fig. 1G) and the blastopore is
slow to close (Figs.1H, I). The tail bud, fromwhich the somites bud off,
is enlarged compared to controls (Figs. 1E, K). However, by the larval
stage, the Li+-treated larvae resemble RA-treated ones except that
they are often bent ventrally in the middle, suggesting effects on
notochord development and/or convergent extension, while ones
treatedwith RA or BMS009 are as straight as controls. Results with the
Gsk3 inhibitor, alsterpaullone at 0.75–1.5 μM were similar to those
226 T. Onai et al. / Developmental Biology 332 (2009) 223–233with Li+ except that elongation was inhibited (Suppl. Fig. S1).
Alsterpaullone strongly suppresses cdk/cyclins in addition to Gsk3,
and it, therefore, seems likely that alsterpaullone inhibits convergentFig. 3.Wnt/β-catenin and RA signaling have differential effects on anterior and posterior mar
anterior limit of expression in the CNS. (A–D) In control embryos, Cdx expression is circum
posterior CNS during the neurula and larval stages (B–D). Expression in the CNS tapers off ante
the blastopore, more so ventrally than dorsally. At the neurula (F–G) and early larval (H) stage
reduced (arrows) and there is ectopic expression at the anterior tip of the embryo (arrowhe
slightly in someembryos, but notothers. At the early neurula stage (J, K), there is a slight reduc
in the CNS. In the early larva (L), expression in the CNS diminishes and there is no detecta
is indistinguishable from that in the controls. (A′–L′) Lim1/5 expression. In control embry
the gastrula stage (A′). At the neurula stage (B′), expression becomes limited to the poste
the larval stage (C′), expression in the tail bud is diminished. (C′) At this stage, Lim1/5 is a
slit (arrowhead). (D′–F′) Li+ added at the early gastrula stage severely reduces Lim1/5 ex
in the dorsal, posterior mesendoderm. By the early neurula stage (E′), expression in the
ventral tip. By the early larval stage (F′), the only remaining expression is in the larval kid
that domains in the CNS are diminished by RA (H′, I′) and expanded by BMS009 (K′, L′).
at the gastrula stage (A″) and in the tailbud and CNS posterior to the cerebral vesicle (fore
in the early larva (D″) is comparatively weak and not always apparent. (E″–H′) Li+ add
neurula and larval stages (F′–H″) expands the domain in the CNS to the anterior tip. (I″–L″)
(M″–P″) BMS treatment has no clear effect on expression of Wnt3). (A″′–L″′) Otx expres
mesendoderm and in a stripe in the dorsal ectoderm overlying the posterior end of the mese
except in a ventral domain where the ﬁrst gill slit will form and in the anterior neural pla
pharyngeal endoderm and the forebrain. Arrowhead marks the posterior limit of the pharyn
stage (D″′), the Otx domain in the dorsal ectoderm is eliminated. At the early neurula st
pharyngeal domain is reduced (arrowhead). In some larvae, there is residual Otx expression
effect on Otx expression at the gastrula stage (G″′). By the early neurula stage (H″′), the dom
forebrain and in the pharynx are nearly eliminated. (J″′–L″′) BMS009 has little effect on Otx
the CNS is expanded. The downregulated region in the pharynx is shifted posteriorly. In th
endoderm is extended throughout the length of the endoderm.extension in amphioxus via its effect on Cdk/cyclins. Therefore, we
focused on results obtained with Li+. Li+ can inhibit inositol
phosphatases in addition to Gsk3. However, this does not appear tokers. Side views. Anterior to left. (A–P) Cdx expression. Arrows indicate the approximate
blastoporal at the gastrula stage (A) and restricted to the posterior mesendoderm and
riorly. (E–H) Li+ treatment. At the gastrula stage (E), Li+ expands the Cdx domain around
s, the domain in the posterior endoderm is expanded anteriorly, the domain in the CNS is
ads). (I–L) RA applied during the gastrula stage expands the blastoporal domain of Cdx
tion of the domain in the posteriormesendoderm, and a slight expansion of the domain
ble difference from the control. (M–P) Expression of Cdx in BMS009-treated embryos
os (A′–C′), Lim1/5 is expressed in the dorsal and anterior mesoderm and ectoderm at
rior dorsal mesendoderm and to a striped pattern in the anterior 2/3 of the CNS. By
lso expressed in the embryonic kidney (arrow) and in the primordium of the ﬁrst gill
pression in the ectoderm at the gastrula stage (D′), but has little effect on expression
CNS is eliminated, but in some embryos there is ectopic expression at the anterior
ney (arrow). (G′–L′) Altered RA signaling has little effect on Lim1/5 expression except
(A″–P″) Wnt3 expression. (A″–D″) Controls. Wnt3 is expressed around the blastopore
brain/midbrain) at the neurula and larval stages (B″–D″). A domain in the ventral gut
ed at the early gastrula stage expands the domain around the blastopore (E″) and at
RA has little effect on the domain in the CNS, but shifts that in the gut anteriorly (K″).
sion. (A″′–C″′) Controls. At the gastrula stage (A″′), Otx is expressed in the anterior
ndodermal domain. By the neurula stage (B″′), expression is throughout the endoderm
te (presumptive forebrain). At the early larval stage (C″′), expression is limited to the
geal endoderm. (D″′–F″′) Li+-treatment at the early gastrula stage. At the early gastrula
age (E″′), the endodermal Otx domain is reduced. At the early larval stage (F″′), the
at the anterior tip of the CNS. (G″′–I″′) RA-treatment at the gastrula stage. RA has little
ain in the anterior CNS is reduced. By the larval stage (I″′), both the Otx domains in the
expression at the gastrula stage (J″′). At the early neurula stage (K″′), the Otx domain in
e early larva (L″′), the domain in the forebrain is expanded posteriorly and that in the
Fig. 4. Hox1 and Hox3 expression is affected by RA, but not by Wnt/β-catenin signaling. (A–L) Hox1. In the controls (A–C), Hox1 is expressed around the blastopore at the early
gastrula. By the early neurula expression is limited to themiddle third of the CNS, the posterior half of themesoderm and to a stripe in the endoderm that underlies the domain in the
CNS. The pattern is essentially the same at the early larval stage. (D–F) Li+-treatment at the early gastrula stage has no clear effect on Hox1 expression. (G–I) RA-treatment at the
gastrula stage, expands the Hox1 domain anteriorly in all tissue layers. (J–L) BMS009-treatment at the gastrula stage downregulates Hox1 expression and shifts the anterior limits of
the domains posteriorly in all three tissue layers. (M–T) Hox3 expression. Arrows= anterior limit of expression in the CNS. (M) In control embryos at the mid-neurula stage, Hox3 is
expressed in the posterior third of the CNS and in the posterior mesendoderm. (N) Expression is similar at the early larval stage. (O, P) Li+-treatment at the early gastrula stage has no
clear effect on Hox3 expression. (Q, R) RA-treatment at the gastrula stage expands Hox3 expression anteriorly. (S, T) BMS009-treatment downregulates Hox3 and shifts the anterior
limit of expression posteriorly.
227T. Onai et al. / Developmental Biology 332 (2009) 223–233be a problem in our experiments, since the results with Li+ and
alsterpaullone were similar except for effects of the latter on
elongation. To test whether altered RA and Wnt signaling have
comparable effects on A/P patterning, as suggested by their similar
effects on morphology, we determined expression of 10 markers of
A/P position in Li+-, RA- and BMS009-treated embryos.Fig. 5. Expression of Brachyury and Wnt1 is largely unaffected by altered RA or Wnt/β-c
expressed around the blastopore at the gastrula stage and in the tailbud and notochord at l
Brachyury expression is unaffected. (G–I) Brachyury is normal in embryos treated with RA. (J–
Wnt1 expression. (A′–C′)Wnt1 is expressed only around the blastopore. (D′, E′) In embryos
very slightly expanded at the gastrula and neurula stages, but not at the larval stage. (G′–H′Altered Wnt/β-catenin and RA signaling have markedly different effects
on the expression of most anterior and posterior markers
Since both Li+ and RA result in larvae with defective heads, we
anticipated that the two treatments would have largely similar effects
on the expression of A/P markers. However, we found that theseatenin signaling. (A–L) Brachyury expression. (A–C) In control embryos, Brachyury is
ater stages. (D–F) Although Li+-treatment can cause the notochord to bend and twist,
L) BMS009-treatment at the gastrula stage does not affect Brachyury expression. (A′–L′)
treated with Li+ at the early gastrula stage expression ofWnt1 around the blastopore is
) Treatment with BMS009 at the gastrula stage has no effect on the expression ofWnt1.
228 T. Onai et al. / Developmental Biology 332 (2009) 223–233agents affected expression of most genes very differently. One
exception is Tcf. Since Tcf transduces the Wnt/β-catenin signal and
at least vertebrate Tcf-4 is autoregulated (Koenig et al., 2008), we
expected that the expression of amphioxus Tcf would be affected by
Li+. However, neither Li+ nor RA applied at the gastrula stage had
detectable effects on Tcf expression (Fig. 1). Zygotic Tcf expression ﬁrst
appears at the gastrula stage, where it is limited to the nuclei of the
mesendoderm (Figs. 1A, G, M, S) (Lin et al., 2006). By the neurula
stage, Tcf expression is restricted to the posterior mesendoderm as
well as to the anterior mesendoderm and overlying anterior
neurectoderm (Figs. 1B–D). At the mid-neurula stage, there is also
weak expression in the somites (Fig. 1E), but this is not apparent in all
embryos (e.g. Fig. 1D) (Lin et al., 2006). By the early larval stage, the
expression of Tcf is limited to the anteriormost portion of the central
nervous system (CNS) (Fig. 1F). The only apparent effect of either
agent on Tcf expression was that in the most-severely affected Li+-
treated larvae, anterior expression of Tcf was somewhat weak and
rather diffuse (Fig. 1L), in keeping with reduction of the anterior end
of the larva.
The most striking differences between altered Wnt/β-catenin and
RA signaling were with the anterior ectodermal marker FoxQ2 (Figs.
2A–L). FoxQ2 turns on in the anterior ectodermat the late blastula stage
(Yu et al., 2003). Application of Li+ at the early gastrula stage initially
shifted the expression domain of FoxQ2 ventrally and then completely
downregulated it (Figs. 2D–F), suggesting that the embryos had lost
anterior ectodermal identity. Expression of FoxQ2was not substantially
affected by either RA or BMS009 (Figs. 2G–L). In contrast to FoxQ2,
expressionof the anteriormesendodermalmarkerHexwasnot strongly
affected by any of the treatments, although at the early larval stage, the
expression domain in the endostyle was reduced and anteriorized by
both Li+ and RA and enlarged by BMS009 (Figs. 2A′–P′).
Both Li+ and RA-treatments alter expression of Cdx, Wnt3 and
Lim1/5, which all have posterior expression domains around the
blastopore as well as domains in the central nervous system (CNS). By
the early neurula stage, the domain of Cdx expression in controls
includes the posterior third of the CNS, the tail bud and the posterior
ﬁfth of the gut (Figs. 3B–D). Treatment with Li+ expands the
blastoporal domain at the gastrula stage (Fig. 3E). At the neurulaFig. 6. Evolution of RA and Wnt/b-catenin signaling in Bilateria. Wnt/β-catenin signaling
posterior end of the embryo in bilaterians. RA signaling and co-linear Hox expression evolve
among the ecdysozoans, but not in the lophotrochozoans. A role for RA signaling in speciﬁcati
deuterostomes either at the base of the Ambulacraria (echinoderms+hemichordates) or
patterning are present in vertebrates but are minimal at best in amphioxus.and larval stages Li+ greatly reduces the Cdx domain in the CNS and
slightly expands that in the hindgut at least in the mid-neurula (Figs.
3F–H, arrowhead). Most strikingly, Li+ treatment results in an
anterior domain of ectopic expression (7/12 embryos) (Figs. 3F–H).
The effect of Li+ is more pronounced than that of RA. At the gastrula
stage, RA-treatment may increase the domain around the blastopore
(Fig. 3I). However, in some experiments, the effect of RA on Cdx
expression at the gastrula stage is not apparent. RA-treatment has
little effect on the domain in the posterior gut at the neurula stage,
although it may reduce it at the larval stage; however, the domain in
the CNS is slightly expanded at least at the mid-neurula stage (Figs.
3J–L). At the gastrula and neurula stages, BMS009 treatment has no
clear effect on Cdx expression, although at the larval stage, the domain
in the CNS may be expanded (Figs. 3M–P).
In control embryos, Lim1/5 is expressed in the dorsal ectoderm
and mesendoderm at the gastrula stage (Fig. 3A′). By the early
neurula, Lim1 expression is restricted to the anterior 2/3 of the CNS
and to the dorsal portion of the tail bud (Fig. 3B′). By the early larval
stage, the tail bud and CNS domains are still present, but a new
domain has appeared in the larval kidney (Fig. 3C′ arrow). There is
also a small domain in mesoderm associated with the primordium of
the second gill slit (Fig. 3C′) (Langeland et al., 2006). Treatment with
Li+ reduces the domain in the dorsal ectoderm at the gastrula stage
and completely eliminates the neural domain at the neurula and
larval stages (Figs. 3D′–F′). The tail bud domain is expanded ventrally
at the early neurula stage, but eliminated by the early larval stage
(Figs. 3E′, F′). In some embryos (6/14) there is ectopic expression
anteriorly at the early neurula stage (Fig. 3E′). The domain in the
kidney is expanded and shifted anteriorly by the early larval stage
(Fig. 3F′). In contrast, RA-treatment has little effect on the expression
of Lim1/5 at the gastrula and early neurula stages, although by the
early larval stage, the domain in the CNS, particularly that in the
forebrain (cerebral vesicle), is somewhat reduced (Figs. 3G′–I′).
Conversely, in BMS009-treated larvae, the domain in the forebrain is
slightly enlarged (Figs. 3J′–L′).
Expression of Wnt3, like that of Lim1/5, is much more strongly
affected by Li+ than by altered RA signaling. At the gastrula stage, the
domain of Wnt3 around the blastopore is expanded by Li+ but is notfunctions in speciﬁcation of the blastoporal end of the embryo in cnidarians and the
d at the base of the bilaterians. RA signaling was lost in at least insects and nematodes
on of position along the A/P axis and the coupling of RA to Hox expression evolved in the
at the base of the chordates. Interactions of RA and Wnt/β-catenin signaling in A/P
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expands the domain in the CNS to the tip of the forebrain (Figs. 3B″–D″,
F″–H″), while RA and BMS009 have little, if any effect (Figs. 3B″–D″,
J″–L″, N″–P″). In some Li+-treated embryos, there is strong ectopic
expression at the anterior tip of the larva (Fig. 3H″). The domain in the
midgut is rather weak and is sometimes not detectable by in situ
hybridization in normal embryos (e.g. Fig. 3C″). Therefore, its absence
or presence cannot be used to indicate an effect of a particular
treatment. Our results, as previously reported, show that RA-
treatment anteriorizes this domain (Fig. 3K″) (Schubert et al., 2005).
However, binding assays suggest that this effect of RA is indirect. The
upstream DNA of the amphioxus Wnt3 gene has a motif (TGGTCA-
CAGCGAAGGTCA) differing from the canonical DR5 binding site for
RAR/RXR by only the ﬁrst base (T instead of A). However, binding
assays showed that this putative DR5 element in the amphioxusWnt3
gene binds only weakly to the amphioxus RAR/RXR heterodimer
(Suppl. Fig. S2). Whether the apparent absence of the domain ofWnt3
in the gut in Li+-treated embryos (Figs. 3G″, H″) is due to the
treatment or simply due to the normally low level of expression of
Wnt3 in this domain is unclear.
Otx is ﬁrst expressed at the gastrula stage throughout much of the
mesendoderm (Fig. 3A″′). By the neurula stage, it is also expressed in
the presumptive forebrain and becomes downregulated in the
endoderm where the ﬁrst gill slit will form (Fig. 3B″′). Subsequently,
endodermal expression becomes restricted to the pharynx (Fig. 3C″′).
Although Li+ has little effect at the gastrula stage (Fig. 3D″′), in the
neurula and larva, the Otx domains in the forebrain and pharynx are
severely reduced (Figs. 3E″′, F″′). The effects are similar to, but less
severe than those of RA, which, as we previously reported, even more
severely reduces the domain in the CNS (Figs. 3G″′–F″′) (Schubert
et al., 2005). Although RA has little effect on Otx expression at the
gastrula stage, by the neurula stage, the neural domain is reduced, and
by the early larval stage both the neural and pharyngeal domains are
nearly eliminated (Figs. 3G″′–I″′) (Schubert et al., 2005). Conversely,
BMS009 treatment expands both the domains in the CNS and the
endoderm (Figs. 3J″′–L″′) (Schubert et al., 2005).
Perhaps the most striking differences between manipulating RA
signaling and Wnt/β-catenin signaling are in regard to Hox genes.
Hox1, and probably also Hox3, are direct targets of RA signaling in
amphioxus (Manzanares et al., 2000; Schubert et al., 2005; Wada
et al., 2006). Not surprisingly, excess RA expands the domains of both
Hox1 and Hox3 anteriorly in the CNS and other tissues, while the RA-
antagonist BMS009 shifts their anterior limits posteriorly (Schubert
et al., 2004, 2005, 2006) (Figs. 4A–C, G–N, Q–T). In contrast, upregulat-
ing Wnt/β-catenin signaling with Li+ has no effect on the expression
of either Hox1 or Hox3 (Figs. 4A–F, M–P). The expression of some
genes is affected relatively little by either Li+, RA or BMS009. These
include Brachyury and Wnt1 (Fig. 5). Brachyury is expressed both in
the tail bud and in the notochord, while the expression of Wnt1 is
restricted to the tail bud. This domain appears to be slightly
upregulated by Li+, but the effect is minimal.
Discussion
Wnt/β-catenin and RA signaling have distinct roles in patterning the
amphioxus A/P axis
Our results show that although the phenotypes of amphioxus
neurulae in which Wnt/β-catenin signaling has been upregulated at
the early gastrula stage are very much like those of embryos treated
with RA, the two agents act quite differently. In amphioxus, as in
vertebrates, RA signaling acts via Hox genes to specify position along
the A/P axis (Escriva et al., 2002; Schubert et al. 2004, 2005, 2006).
The RA-sensitive period for A/P patterning is the gastrula stage
(Escriva et al., 2002). Although the application of RA affects gene
expression at this stage, morphological effects are not seen until theneurula stage when the development of the pharynx is inhibited and
the patterns of hindbrain motor neurons are altered (Schubert et al.,
2005, 2006). RA has no morphological effect if applied during the
blastula stage only and affects development of speciﬁc organs when
applied at the neurula stage. In contrast, when applied at the mid-
blastula stage, Li+ causes exogastrulation (Holland et al., 2005), and
when applied at the onset of gastrulation causes endodermal
thickening and delayed closure of the blastopore (Figs. 1G–I).
The present results show that altered RA signaling has little or no
effect on the expression of markers of both the anterior (FoxQ2, Hex)
and posterior (Cdx, Wnt1, Lim1/5, Brachyury) ends of the embryo. For
Cdx, we found only a slight effect of RA on expression, with the domain
in the posterior endoderm extended slightly anteriorly, and that in the
posterior end of the CNS slightly reduced. In the European species,
B. lanceolatum, no clear effect of RA on expression of Cdx was seen
until the larval stage (Osborne et al., 2009). Moreover, these authors
found that a region of DNA upstream of the Cdx coding region that
contains 3 potential binding sites for RAR/RXR did not mediate
transcription in response to RA. Together, these results suggest that
any effect of RA on Cdx expression is probably indirect. Similarly,
effects of RA on expression of Lim1/5 in differentiating neurons in the
CNS are not observed until the larval stage and, therefore, likely to be
indirect (Schubert et al., 2006). In contrast, upregulating Wnt/β-
catenin signaling induces ectopic expression of both Cdx and, at least
at the early neurula stage, of Lim1/5 as well at the anterior tip of the
embryo, although it does not affect expression of Wnt1 or Brachyury.
Correspondingly, Li+ blocks expression of the anterior ectodermal
marker FoxQ2, although it does not strongly affect expression of the
anterior mesendodermal marker Hex or that of the RA-degrading
enzyme Cyp26 in anterior tissues, except to the extent that by the
neurula stage, the anterior tip of the embryo is truncated (our unpubl.
data). Wnt3 expression is extended to the anterior tip of the embryo,
while Otx expression in the forebrain is nearly eliminated as is that of
Lim1/5 in differentiating neurons. The domain of Wnt1 around the
blastopore is slightly expanded at the gastrula and early neurula
stages. Taken together, the results indicate that Wnt/β-catenin
signaling speciﬁes posterior identity and that its upregulation causes
the anterior end of the embryo to take on a more posterior character.
Although in Li+-treated larvae, the anterior end is often truncated, Li+
has no effect on the anterior or posterior limits of Hox1 and Hox3
expression (Figs. 4F, O) or on the relationship between the posterior
limit of the Otx domain in the forebrain and that in the pharynx (Fig.
3T″′), indicating that the A/P axis between the ends has been properly
speciﬁed. This is not altogether surprising since, while theremay be an
A/P gradient of Wnt proteins, by the neurula stage, Tcf expression is
largely limited to domains at either end of the embryo, and these
domains are not affected by Li+ (Fig. 1).
The effect of Li+ on the expression of Lim1/5 in the CNS is probably
due to aberrant neuronal speciﬁcation. In the chick, a reduction inWnt
signaling respeciﬁes hindbrain motor neurons to neurons character-
istic of the forebrain (Nordström et al., 2006), while in the mouse,
overexpression of Wnt1 can enhance cell proliferation and suppress
differentiation in the dorsal midbrain (Panhuysen et al., 2004), and
depress Shh signaling in the ﬂoor plate, thus promoting both cell
proliferation and neurogenesis (Joksimovic et al., 2009). We predict
that upregulation of Wnt/β-catenin signaling in amphioxus might
respecify hindbrain motor neurons to neurons characteristic of the
spinal cord. In contrast, upregulation of RA signaling does not
eliminate the expression of anterior markers and does not affect the
expression ofWnt3 in the CNS. However, RA signaling strongly affects
Hox expression. Excess RA reduces the number of hindbrain neurons
and shifts them anteriorly, while BMS009 increases their number and
expands their domain posteriorly, but this effect is probably due to
alterations in the A/P extent of the hindbrain domain, not to effects on
neuronal identity per se (Schubert et al., 2006). Thus, although Wnt/
β-catenin and RA signaling both act in speciﬁcation of neuronal
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specify the hindbrain territory and Wnt/β-catenin in speciﬁcation of
neuronal identities.
Speciﬁcation of the blastoporal end by Wnt/β-catenin signaling is an
ancient metazoan feature
A role for Wnt genes in specifying the identity of the blastoporal
end of the embryo was evidently present in cnidarians and has been
conserved in both the deuterostome and protostome lineages (Fig. 6).
The cnidarian Nematostella vectensis has twelve Wnt genes, eight of
which are expressed around the blastopore at the gastrula stage and/
or the single gut opening at the planula stage (Kusserow et al., 2005).
In N. vectensis, sea urchins and several protostomes–a nemertean
worm (Cerebratulus lacteus), annelids, Drosophila–nuclear β-catenin
becomes localized to the posterior end of the embryo or around the
blastopore or single gut opening, suggesting a conserved role forWnt/
β-catenin signaling in early embryogenesis (Henry et al., 2008; Seaver
and Kaneshige, 2006; Wikramanayake et al., 2003, 2004). In
amphioxus, at least 8 of the 13 Wnt genes are expressed around the
blastopore, and the expression of the other 5 Wnt genes has not been
determined (Holland et al., 2000; Schubert et al., 2000a,b,c, 2001).
Moreover, in the amphioxus gastrula, β-catenin becomes localized to
nuclei around the blastopore, which corresponds to the posterior end
of the larva (Holland et al., 2005), consistent with our ﬁnding that
Wnt/β-catenin is involved in speciﬁcation of posterior identity. In
Drosophila, Wg-signaling has been found to repress head development
in the trunk, indicating a role in posteriorization (Coifﬁer et al., 2008).
Similarly, in sea urchins, upregulating Wnt/β-catenin signaling shifts
the ectoderm/mesendoderm boundary (future rim of the blastopore)
towards the animal pole (Emily-Fenouil et al., 1998), while blocking
nuclear localization of β-catenin expands the domain of FoxQ2 at the
animal pole (Yaguchi et al., 2008). This is consistent with our result for
amphioxus that upregulating Wnt/β-catenin signaling eliminates
expression of FoxQ2 at the animal pole of the gastrula and anterior end
of neurula-stage embryos and larvae.
In vertebrates, as in amphioxus, Wnt/β-catenin signaling is
involved in speciﬁcation of posterior identity from the gastrula stage
on. In Xenopus embryos, nuclear β-catenin is localized to the rim of the
blastopore as are Wnt3a and Wnt8b (reviewed in Holland, 2002),
while Dkk1 and other Wnt-antagonists are expressed anteriorly
(Kawano and Kypta, 2003). A pulse of Li+ added to Xenopus embryos
from the late blastula through early gastrula posteriorizes the embryos
causing reduced anterior structures but essentially normal posterior
ends (Yamaguchi and Shinagawa, 1989). This result is essentially the
same as we obtained with Li+ added to amphioxus embryos at the
early gastrula stage. Not surprisingly, overexpression of the Wnt-
antagonist Dkk1 results in enlarged heads in Xenopus, while blocking
Dkk1 function in either mice or Xenopus reduces the head, but trunk
formation is normal (Glinka et al., 1998; Mukhopadhyay et al., 2001).
These results are in agreement with our ﬁnding that in amphioxus,
upregulating Wnt/β-catenin signaling with Li+ does not alter the
patterns of Hox expression along the A/P axis, but endows the anterior
end of the larva with a more posterior identity.
Patterning of the embryonic A/P axis by Hox genes evolved at the base of
the Bilateria
The bilaterian ancestor probably had three to seven Hox genes
(Chourrout et al., 2006; Ryan and Baxevanis, 2007; Ryan et al., 2007),
which gave rise to 12 Hox genes in Drosophila (Balavoine et al., 2002)
and to 15 collinear Hox genes in amphioxus (Amemiya et al., 2008;
Putnam et al., 2008). In cnidarians, the Hox genes do not demonstrate
collinear expression along the oral/aboral axis of the larva, and,
therefore, probably do not function in speciﬁcation of position along
that axis as they do in bilaterians (Ryan et al., 2007). It has beenproposed that Hox genes may have been co-opted into the Wnt
signaling pathway very early, before the separation of the cnidarian
and bilaterian lineages (Ryan and Baxevanis, 2007). However, there
are no concrete data from cnidarians in support of this idea, and
available data from bilaterians are from rather derived Ecdysozoa (e.g.
Drosophila melanogaster and Caenorhabditis elegans) and vertebrates,
and not from more basal protostomes and deuterostomes. In C.
elegans, interactions between Hox and Wnt involve daughter cell fate
decisions after asymmetric cell division (Arata et al., 2006; Streit et al.,
2002), while in Drosophila, the Hox gene product AbdA activates Wg
target genes in some cells (Merabet et al., 2005). However, the ability
of Wg to repress head formation in the Drosophila trunk requires the
absence of Hox (Coifﬁer et al., 2008). In neither organism is there a
clear relationship between Hox and Wnt in patterning the A/P axis.
Since C. elegans has ﬁxed cell lineages, neither Wnt nor Hox genes
function in A/P patterning of the embryo. In contrast, in Drosophila as
well as in amphioxus and vertebrates, a combinatorial code of Hox
genes speciﬁes position along the A/P axis (Hueber and Lohmann,
2008). However, in Drosophila, an indirect relationship between Hox
and Wg has been identiﬁed in that central and posterior Hox genes
repress the head-speciﬁc gene optix in the trunk as do teashirt and
several other non-Hox genes with the participation of Wg and En
(Coifﬁer et al., 2008).
In sea urchins, while Wnt/β-catenin signaling has a role in early
development, only two Hox genes are expressed in the embryo
(Arenas-Mena et al., 2006). The rest are not expressed until the adult
begins to form from the rudiment (Arenas-Mena et al., 2000). In
amphioxus, our results to date indicate that Hox and Wnt genes may
not interact during A/P patterning of the early embryo. Altered RA
signaling has little or no effect on expression of Wnt1, Wnt3 or Wnt5
(Schubert et al., 2006) (Figs. 3I″–L″, M″–P″ and 5G′–I′, J′–L′), although
it strongly affects Hox expression (Schubert et al., 2004, 2005, 2006).
Indeed, Hox genes are direct targets of RA signaling in amphioxus.
Conversely, Li+ has no effect on expression of Hox1 and Hox3 (Figs.
4D–F, O, P). Few direct targets of Hox genes are known even for
vertebrates, and neither Wnt genes nor genes in the Wnt/β-catenin
pathway are among them (Akin and Nazarali, 2005; Blomhoff and
Blomhoff, 2006). Moreover, the known direct targets of Wnt/β-
catenin signaling do not include Hox genes. Thus, the few reported
interactions of Wnt and Hox signaling are probably indirect (Akin and
Nazarali, 2005; Segditsas et al., 2008).
RA signaling was probably recruited to the Hox gene network at the base
of the chordates
The lack of key genes involved in RA signaling and synthesis in
Drosophila led to the idea that RA signaling was probably chordate-
speciﬁc or at least deuterostome-speciﬁc. However, recent genome-
wide analyses have indicated that genes encoding the RA receptor
(RAR) are present in sea urchins, annelids and mollusks, while its
competitive inhibitor (TR2/4), is also present in sea urchins (Howard-
Ashby et al., 2006). Moreover, the major enzymes involved in RA
synthesis and degradation (ALDH1A and CYP26, respectively) are not
only present in the deuterostomes, but in annelids and molluscs as
well (Albalat and Cañestro, 2009; Campo-Paysaa et al., 2008). Thus,
the absence of CYP26 and RAR in arthropods and nematodes is likely
due to the loss of these genes in those lineages (Albalat and Cañestro,
2009; Campo-Paysaa et al., 2008). Even so, there is as yet no evidence
that RA signaling patterns the A/P axis in any of these organisms or
that it regulates Hox genes as it does in amphioxus and vertebrates. In
two species of polychaete annelids, several Hox genes are expressed
more or less collinearly during development (Kulakova et al., 2007),
but it is not known if RA signaling regulates early development at all.
Even for deuterostomes, although sea urchins havemajor components
of the RA signaling pathway, manipulation of RA signaling has no
effect on embryonic A/P patterning (Sconzo et al., 1996). However, the
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more or less collinearly expressed, have not been determined. Thus,
while the possibility that RA signaling became linked to Hox genes at
the base of the bilaterians cannot be ruled out at present, it seems
more likely that the linkage came about at the base of the chordates.
Regulation of Cdx by Wnt/β-catenin signaling is a basal chordate
characteristic
In amphioxus, lithium applied at the early gastrula stage truncates
the anterior end of the CNS, resulting in reduced domains of such
forebrain markers as Otx (Fig. 3F″′) and ectopic expression of the
posterior markers Cdx and Lim-1 at the anterior end of the embryo.
Similarly, in Xenopus embryos treated with lithium at the late blastula
to early gastrula stages the anterior CNS is respeciﬁed as posterior and
the forebrain is truncated (Friedieu et al., 1997). Thus, the domains of
the midbrain/hindbrain marker En-2 and the rhombomere 3 and 5
marker Krox 20 are shifted closer to the tip of the CNS. The expression
of posterior markers such as Cdx1 in vertebrate embryos treated with
lithium has not been examined, although Wnt3a protein applied to
mouse embryos at day 8.5 during the neurula stage results in an
anterior shift in the Cdx1domain (Prinos et al., 2001; Pilon et al., 2007).
In vertebrates, Cdx1 and probably also Cdx4 are direct targets of Wnt/
β-catenin signaling (Prinos et al., 2001; Pilon et al., 2006). Similarly,
amphioxus Cdx is probably a direct target of Wnt/β-catenin signaling
as there are three potential TCF/LEF-binding sites in the Cdx upstream
regulatory region (data not shown). However, while the expression of
Cdx1 in posterior mesoderm is lost in mouse embryos mutant for
Wnt3a, the expression of Cdx2 is not affected in these mutants (Prinos
et al., 2001), suggesting that the regulation of some Cdx genes may
have changed subsequent to gene duplication in vertebrates.
Direct regulation of several target genes by both RA and Wnt/β-catenin
probably evolved in the vertebrate lineage
In vertebrates, Cdx1 is also a direct target of RA (Houle et al., 2000;
Lohnes, 2003). The mouse Cdx1 locus contains an aberrant, but
functional RARE (Houle et al., 2000, 2003). RARα/RXR complexes
bind to this site in electrophoretic mobility shift assays (Houle et al.,
2000). RARγ probably also binds to this site, as it is co-expressed with
Cd1x in the mouse and as experiments with Cdx1 and RXRγ mutants
support a role of RXRγ upstream of Cdx1. However, the data also
indicate that RARγ regulates A/P patterning of the vertebral column in
parallel to Cdx1 (Allan et al., 2001). RAREs have not been identiﬁed in
the other two Cdx genes in the mouse, and it is not known whether
their expression is affected by RA signaling. As noted above,
amphioxus Cdx does not appear to be a direct target of RA signaling,
although it may be an indirect target, since RA-treatment extends the
Cdx domain in the CNS slightly anteriorly in the neurula and shifts the
domain in the gut slightly posteriorly at the larval stage. Thus, direct
regulation of Cdx1 by RA may have evolved subsequent to gene
duplication in the vertebrate lineage. Vertebrates have three RARs and
three RXRs that form nine heterodimers compared to only one in
amphioxus (Escriva et al., 2002). The three vertebrate RARs have only
partially overlapping domain expression in early embryogenesis, and
analogs of RA have been synthesized that speciﬁcally agonize or
antagonize one RAR but not the others. None of these compounds
affects RA signaling in amphioxus (Escriva et al., 2002), although
BMS009, which antagonizes all the vertebrate RARs, also antagonizes
amphioxus RAR. Therefore, the vertebrate RAR proteins have evolved
speciﬁcities not present in their amphioxus counterpart.
Because the Wnt3 domain in the amphioxus gut is shifted
anteriorly by RA-treatment, we examined the amphioxus Wnt3 gene
for RAREs. We found one sequence differing by only the ﬁrst base
(T rather than A) from the canonical DR5 element (AGGTCAnnnn-
nAGGTCA). However, the substitution of a T for an A greatly reducedboth binding to amphioxus RAR/RXR and the ability to mediate
transactivation by RAR/RXR (Suppl. Fig. S2). It seems likely that the
effect of RA on Wnt3 is indirect. Another avenue for interaction of RA
and Wnt/β-catenin signaling in vertebrates is trans-repression of β-
catenin signaling by interaction of RAR with β-catenin co-activators
(Easwaran et al., 1999; Shah et al., 2003). Whether such interactions
occur in amphioxus remains to be determined, although our results
suggest that interactions between RA and Wnt/β-catenin signaling
are at most minimal (Fig. 6).
The failure to ﬁnd evidence of cross-talk between RA and Wnt
signaling in amphioxus where it exists in vertebrates indicates that
new interactions between the two pathways evolved in the vertebrate
lineage. Possible selective pressures could be the increase in
embryonic size and complexity that occurred early in the vertebrate
lineage and/or the genome duplications that have increased the
number of RAR:RXR heterodimers from one to nine and added several
Wnt genes and new domains of expression. The difference in size
between amphioxus and vertebrate embryos is striking. An
amphioxus mid-neurula is about ∼200 μm long. In contrast, a stage
20 Xenopus embryo is ∼1.6 mm long and a 9 day mouse embryo is
∼2 mm long. Very early mouse embryos are small, but this is
presumably a derived condition from much larger, yolky embryos in
non-placental vertebrates. Early zebraﬁsh embryos are ∼1 mm long
and rapidly increase in length beginning at the end of the gastrula
stage. Vertebrate embryos are also proportionately thicker than those
of amphioxus. RA is a long-range signaling molecule, while Wnts can
signal over both short (a few cell diameters) and long (≥20 cell
diameters) ranges. There may be separate pathways for secretion of
Wnts destined for these two modes of signaling (Bartscherer and
Boutros, 2008). However, in amphioxus embryos, neither RA norWnts
have to signal at any great distance. During the gastrula stage, there
are b20 cell diameters from the blastopore to the anterior tip of the
embryo, and these cells do not divide throughout the gastrula stage
(Holland and Holland, 2006). Gene duplications in vertebrates add
many opportunities for new interactions that increase the complexity
of gene networks and may have facilitated the evolution of such
vertebrate-speciﬁc structures as neural crest and a midbrain/
hindbrain (MHB) organizer. For example, subsequent to the two
rounds of whole genome duplications that occurred early in
vertebrate evolution, the ancestral domain of Wnt1 around the
blastopore was lost, and a new domain was acquired at the MHB,
while the expression ofWnt3 duplicates in the primitive streak of the
mouse is temporally separate. Wnt3 is expressed ﬁrst, and null
mutants completely lack a primitive streak whileWnt3a null mutants
develop until mid-gestation but lack posteriormesoderm (Yamaguchi,
2008). It is certainly possible that interactions betweenWntβ-catenin
and RA signaling did not arise all at once. Studies of Wnt/β-catenin
and RA signaling in early development of agnathans could be
informative in this regard.
In sum, the present results indicate that RA/Hox and Wnt/β-
catenin signaling have complementary, but essentially separate roles
in patterning the A/P axis in amphioxus. RA/Hox speciﬁes position
between the anterior and posterior ends of the embryo, whileWnt/β-
catenin speciﬁes posterior identity. Suppression of Wnt/β-catenin
signaling in the anterior tip of the embryo is necessary to prevent the
anterior end from adopting a more posterior identity. While cross-talk
between RA/Hox and Wnt/β-catenin may occur to some extent in
amphioxus, it has been elaborated in the vertebrate lineage.
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